Abstract. BACKGROUND: Pain sensitivity has been negatively associated with physical activity levels. Few studies have examined associations between experimentally induced pain sensitivity and physical activity in adults with chronic low back pain and painfree controls. OBJECTIVE: The objective of this study was to examine associations between physical activity levels and how an individual processes pain using experimentally induced pain stimuli. METHODS: Seventy subjects (CLBP = 49; mean age = 46.8 ± 14.9; Pain-free = 21; mean age = 45.3 ± 18.2, n of females = 46) participated. A self-report questionnaire derived from the International Physical Activity Questionnaire (IPAQ) was used to calculate an activity level index. Pain sensitivity was assessed via quantitative sensory testing (QST) at the right lower extremity. RESULTS: Moderate (U = 688, p < 0.05) and vigorous (U = 649, p < 0.05) physical activity levels were higher in pain-free vs. individuals with CLBP. Activity level was not associated with pain sensitivity (Pain-free: R2 = 0.02, p > 0.05; CLBP: R2 = 0.01, p > 0.05). Both moderate (R2 = 0.49, p < 0.05) and vigorous (R2 = 0.68, p < 0.01) physical activity were associated with pain modulation amongst pain-free individuals. CONCLUSIONS: Findings suggest that physical activity influences pain modulation amongst pain-free individuals, however no relationship exists once CLBP is present. However, future investigation will elucidate the extent to which physical activity level either prevents CLBP or is effective in alleviating CLBP.
Background
Chronic low back pain (CLBP) is one of the most prevalent pain conditions and the leading cause of chronic disability worldwide [1, 2] . Elucidating mechanisms of CLBP chronicity is a research priority since such factors can be instrumental in clinical rehabilitation. Recent work has determined numerous factors that influence the LBP experience, including age, sex, smoking, and psychological distress [3] [4] [5] [6] . Physical activity (e.g. exercise, recreation) is also believed to play a role; however, the extent to which physical activity prevents, alleviates, and/or exacerbates LBP is undetermined [7, 8] .
Limitations in the previous physical activity research have prevented researchers from determining the direction and magnitude of influence between physical activity and CLBP. For example, individuals with mild CLBP may have an increased probability of maintaining recreational activities, while those with severe CLBP may compensate or avoid activities [8] . In such cases, it would be difficult to determine whether physical activity improved CLBP or was dependent on the person's pain state. Another issue is that the association between physical activity and LBP may not be linear. Vigorous activity may be just as detrimental to pain chronicity as maintaining a sedentary lifestyle, whereas a moderate physical activity level would be more beneficial [8, 9] . Limitations in prior research impede translation to clinical care. Although physical activity is often championed by health care professionals to reduce health risks [10] , physical activity among individuals with CLBP may be attenuated -or worse, discouraged -if the assumption is that physical activity has deleterious effects.
Pain researchers have commonly used laboratorycontrolled experimental pain evocation to assess pain processing changes in the presence of chronic pain conditions [11] [12] [13] . A large body of research exists to show that individuals with CLBP have lower pain thresholds to pressure or punctate stimuli compared to pain-free controls [14] [15] [16] [17] which suggests that CLBP is associated with a state of enhanced pain sensitivity. In addition, recent advancements in dynamic experimental paradigms have shown that CLBP may also be associated with systemic changes in pain modulation. Specifically, individuals with CLBP have demonstrated both enhanced pain facilitation [18] as well as decrements in pain inhibition [19] when compared to pain-free controls. Independent of chronic pain, experimental pain tests have also been used to determine the extent to which physical activity is associated with pain processing. A recent study of pain-free individuals found lower physical activity to be associated with heightened pain sensitivity [20, 21] . Another study found the intensity of physical activity (e.g. light versus vigorous) played a role, as non-athletes demonstrated a lower pain tolerance compared to athletes when using standardized QST protocol [22] . To our knowledge, determining associations between physical activity and pain processing in the presence of CLBP has not been assessed. This association would provide important insight for health care providers and patients.
Therefore, the purpose of this study was to examine the relationship between the intensity of physical activity and experimental measures of pain processing in persons with CLBP, and to compare that with a group of pain-free individuals. We hypothesized that individuals with lower physical activity levels would demonstrate heightened pain sensitivity and decrement in pain modulation, as has been observed previously [20] [21] [22] . This study aimed to investigate the differential association between physical activity and pain processing based on the presence of CLBP, which could then be used to model future investigation into the prognostic value of physical activity to prevent and/or treat chronic pain conditions.
Methods

Study design and participants
Individuals aged 18-79 years with CLBP or painfree were recruited from the University of Florida (UF) and surrounding community via printed advertisements. Individuals with CLBP were considered for the study if they had experienced pain for at least 3 months that was equal to or greater than 40/100 on a numeric pain rating scale. Exclusion criteria for both groups were: 1) prior surgery for low back musculoskeletal pain; 2) current use of narcotics; 3) uncontrolled hypertension; 4) diabetic neuropathy; 5) circulatory disorders; 6) history of cardiac events; 7) cardiac pacemaker; 8) epilepsy; 9) symptoms of nerve root involvement such as motor weakness and sensory disturbance; 10) pregnancy; or 11) psychiatric-related hospital admission within the past year. Additional exclusion criteria for individuals with CLBP were active treatment for low back pain either currently or within the past 1 month, or low back pain consequent to traumatic injury. All participants were screened in person for cognitive level using the Mini Mental State Examination (MMSE), with those scoring over a 23 considered for enrollment. The UF Institutional Review Board approved this study and all subjects were required to sign an informed consent form to participate.
Following consent, participants completed questionnaires pertaining to demographics and pain. Additionally, participants provided information on their level of physical activity including type, intensity, frequency, and duration. Experimental pain measures of pain processing were then completed which involved evocation of mechanical (pressure) and thermal (heat) pain stimuli.
Measurements
Physical activity levels
A written questionnaire was completed by participants to assess and define physical activity level. Questions included the number and average duration of workouts per week, based on a priori definition of moderate (i.e., brisk walking, bicycling 5-9 mph, golf, swimming, lifting weights, etc.), or vigorous (running, bicycling 10 mph+, swimming laps, circuit weight training, competitive sports, etc.) physical activity level. Questions were derived from the International Physical Activity Questionnaire, which is a reliable and valid measure of activity [23] . However, questions were updated in order to align with current general physical activity guidelines and level of physical activity intensity [24] [25] [26] . A physical activity index was then calculated for each mode of intensity (i.e. moderate, vigorous) by multiplying the total number of workouts in the past week by minutes per workout.
Pain processing measures
Experimental pain was elicited to provide proxy measures of pain processing. The first was pain sensitivity, which can either be the individual's perception of pain threshold (when pain is first experienced) or tolerance (when pain is no longer tolerable). Only pain threshold was included in this study, which involved application of a pressure to the anterior lower leg by a force gauge (Wagner Instruments, Greenwich, CT). Force was applied at a rate of 1 Kg/cm 2 /second until the individual verbally reported the onset of pain. Three measurements were collected and the average of all three measures provided the pain sensitivity measure for each individual.
The second pain processing measure assessed was pain modulation, or the change in pain intensity over time. Five heat pulses of the same temperature (48
• C) were applied to the bottom of the right foot for 0.5 seconds each (2.5 second interpulse interval) using a PATHWAY Model Advanced Thermal Stimulator (ATS) (Medoc Advanced Medical Systems, Ramat Yishai, Israel). Participants rated intensity of the second pain experienced after initial heat for each pulse using the numeric pain rating scale (NPRS; 0 equal to 'no pain', 100 equal to 'worst pain imaginable'), which occurs in between the heat pulses. The NPRS is a validated measure of how an individual perceives pain intensity [24] . Pain rating at the last heat pulse was then subtracted from pain rating at the first pulse, which provided the pain modulation score. This specific test is referred to as temporal summation of second pain and has been used previously by our lab and others [27] [28] [29] . Moreover, this study is based on our understanding of pain modulation occurring at the spinal cord [30] .
Statistical analysis
Analyses were completed using IBM R SPSS R Statistics software, Version 21 (2012, IBM R Corp; Armonk, NY). To examine differences in intake characteristics, physical activity level, and experimental pain measures by condition (pain-free vs. individuals with CLBP), non-parametric Mann-Whitney U Test and chi-square tests were used. This was due to unequal sample sizes and heterogeneity of variance across groups.
Next, we assessed the association between moderate or vigorous physical activity level and pain sensitivity and modulation using univariate regression modeling. Separate models were created to assess the differential association based on condition (pain-free vs. individuals with CLBP). Alpha level was set at p = 0.05 for all analyses.
Results
A total of 70 subjects participated in the study. Differences in demographics, physical activity, and pain processing measures are outlined in Table 1 . Individuals with CLBP and pain-free groups were of similar age and gender (p > 0.05). Pain-free individuals had higher moderate (U = 688, p < 0.05) and vigorous (U = 649, p < 0.05) physical activity levels compared to individuals with CLBP. Moreover, pain-free individuals had lower pain sensitivity compared to individuals with CLBP, as evidenced by higher pressure pain threshold (p < 0.05). Pain modulation levels were similar across groups (p > 0.05).
Relationship between physical activity level and pain sensitivity
Neither moderate nor vigorous physical activity were associated with pain sensitivity in pain-free (R 2 = 0.02, p > 0.05) or individuals with CLBP (R 2 = 0.01, p > 0.05) (Fig. 1) . In addition, neither moderate nor vigorous physical activity was associated with pain modulation in individuals with CLBP (R 2 = 0.01, p > 0.05). However, both moderate (R 2 = 0.49, p < 0.05) and vigorous (R 2 = 0.68, p < 0.01) physical activity were negatively associated with pain modulation in pain-free individuals, meaning that higher physical activity was associated with higher pain modulation (Fig. 2). 
Extreme physical activity level data point
Upon visual examination of the data, it was determined that an extreme score existed for moderate and vigorous physical activity levels amongst pain-free individuals (Figs 1 and 2 ). These data points were included in analyses for a number of reasons. First, no a priori criteria were set to exclude extremes in activity level. Second, while the physical activity values of the pain-free individual in question are considered extreme values compared to other participants in this sample, the values are realistic for higher-level performance in other samples. Therefore, including these values provided a more representative sample of physical activity in the population.
Post-Hoc analysis
Since individuals across the entire lifespan were included in this study, a post-hoc analysis was performed to confirm physical activity differences by group, independent of age. As such, ages were included as a covariate using 1000-sample bootstrapped analysis of covariance modeling. After accounting for age, both moderate (F 2,70 = 3.80, p < 0.05) and vigorous (F 2,70 = 3.80, p < 0.05) physical activity levels remained higher in pain-free individuals compared to individuals with CLBP. Similarly, the influence of age on associations between physical activity and pain modulation were examined. However, univariate regression models found a lack of association between age and pain modulation for both pain-free individuals (R 2 = 0.02, p > 0.05) and those individuals with CLBP (R 2 = 0.001, p > 0.05). Therefore, we were confident age did not affect the observed associations.
Discussion
To our knowledge, this study is the first to examine associations between physical activity and experimentally-induced measures of pain processing-pain sensitivity and modulation-in both a pain-free and clinical pain cohort. Findings suggest that lower physical activity levels are associated with maladaptive pain modulation amongst pain-free individuals. In other words, those with lower physical activity were more sensitive to longer durations of experimentally-induced pain. The same associations were not found amongst individuals with CLBP. However, this study provides a novel preliminary indication of associations between physical activity levels and pain processing using laboratory correlates, which can be used to model future prognostic studies.
The key finding of this study was a lack of association between physical activity and pain processing amongst individuals with CLBP. These findings suggest that current levels of physical activity, once CLBP is present, do not appear to be related to current pain processing, or the influence of physical activity on pain lessens with pain chronicity. Alternatively, pre-established factors (e.g. psychosocial [31] ) may have greater influence on CLBP than physical activity. Regardless, our findings do not suppress the potential preventative and/or interventional value of physical activity in the presence of CLBP, which should be investigated in future trials. Since this was a crosssectional study, we were only privy to individuals' physical activity level at one time point. It's possible that a stronger association exists between prolonged physical inactivity and pain sensitivity or modulation; which, in turn, contribute to the chronicity of pain. Further, it's possible that associations lie with lower levels of function (i.e. inability to perform activities of daily living) rather than higher levels of physical activity. It's worth noting that higher physical activity was not associated with decrements in pain processing, which is valuable since it suggests the potential for individuals with CLBP to engage in physical activity without adversely influencing central pain mechanisms. This too, requires further study for confirmation.
Independent of the lack of associations observed amongst the individuals in the CLBP cohort, the current research is promising as it aligns with previous work showing inverse relationships between physical activity and pain [32, 33] . A recent paper by Naugle and Riley [33] examined the relationship between physical activity and pain sensitivity, much like the current study. Results were similar in that pain-free adults who engaged in more physical activity had improved de-scending pain modulation [33] . These findings may be representative of an association between physical activity level and pain modulation in that physical activity level directly corresponds to pain response. Mechanistically, physical activity levels may play a role in the neuroplasticity of the brain and its ability to mitigate pain input signals [34] . The concept of increased physical activity level and its inhibitory effects on pain modulation is similar to the bodies' natural negative feedback loop mechanism responsible for regulating and stabilizing several other body systems. For example, the ability of the body to maintain homeostasis (via temperature regulation) may be similar to regulatory effect of physical activity on pain processing. In other words, as one factor increases or decreases to a certain level, the other responds in the opposite direction. Therefore, if physical activity influences pain processing, exercise or interventions to promote physical activity may potentially prevent onset of chronic pain; or assist in chronic pain treatment.
There are multiple strengths to this study. First, we translated previous research examining physical activity and pain processing in pain-free individuals to those with an ongoing musculoskeletal pain condition [32] . Second, we used both a sensitivity measure (pressure pain threshold) and modulation measure (temporal summation of second pain), while prior research has predominantly used pain sensitivity measures [22, 35] . It was important to include a pain sensitivity measure to link our findings to previous research. However, modulatory measures are considered a better indicator of pain processing [36] . To our knowledge, only two other studies have examined physical activity level and pain processing using a modulatory measure [32, 33] ; both of which found a negative relationship amongst pain-free individuals as we did here. An additional study strength was that our cohort was more representative of the variable activity levels seen across the general population, with some engaging in minimal physical activity and others at more extreme levels.
There are also limitations to this study. First, we used a cross-sectional analysis and therefore cannot ascertain the extent to which physical activity prevents CLBP, which should be the impetus for future research. Second, we did not include psychosocial factors, which prevented the comparative association to physical activity in the presence of experimentally-induced pain. Psychosocial factors, such as pain catastrophizing or pain-related fear, should be included in future prognostic trials as they have been found to influence pain chronicity [31] . Finally, while our sample included a heterogeneous cohort of physical activity (i.e. more representative of the general population), we may have been underpowered to examine differential association based on subgroups of population, such as those exclusively performing vigorous activity (e.g. triathletes). Physical activity subgroup analysis should be considered for future studies.
Conclusions
Our findings suggest that higher physical activity levels are associated with improved pain modulation among pain-free individuals. While multiple risk factors influence an individual's perception of pain, physical activity may be valuable from a rehabilitation perspective; as it is modifiable. Future research involving experimental pain measures will determine the extent to which physical activity prevents CLBP chronicity, as well as the ideal physical activity dosage for treatment once CLBP is present. Improved understanding of physical activity and CLBP will assist healthcare providers with optimizing prevention and treatment of CLBP.
